The venoarteriolar response (VAR) is a non-adrenergic, non-baroreflex-mediated mechanism of vasoconstriction, which has been proposed to contribute ∼45% of the increase in total peripheral resistance during orthostasis. Despite its importance in human cardiovascular control during orthostatic stress, there is no information available regarding the impact of age and sex on the VAR or its role in diurnal blood pressure (BP) variation. We studied 33 (15 women) young (mean ± SD; 28 ± 4 years old) and 26 (12 women) older (71 ± 3 years old) healthy individuals. Brachial and femoral blood flow were measured using Doppler ultrasound. The percentage reduction in vascular conductance (blood flow/mean BP) during 4 min of limb dependency (35-40 cm below the heart level) was used to assess the VAR. The morning surge in BP was assessed using 24 h ambulatory BP monitoring. Peak VAR in the lower limb, but not in the upper limb, was significantly higher in the older than the younger adults (33 ± 4 versus 26 ± 6%, older versus young; P < 0.05).
INTRODUCTION
Blood pressure (BP) increases with ageing, and elevated BP is strongly related to cardiovascular events in people aged >65 years independent of other risk factors (National High Blood Pressure Education Program Working Group, 1994) . However, there is considerable uncertainty regarding the integrative mechanisms for the age-related BP elevation.
Growing evidence suggests that a progressive increase of peripheral vascular resistance is directly involved in the elevation of BP with ageing (Esler, 2000; Rabbia et al., 2001; Smith, Graham, Mackintosh, Stoker, & Mary, 2004) . Therefore, an understanding of the factors responsible for the increase in peripheral resistance has clinical relevance.
Peripheral vascular resistance plays an important role in BP regulation in humans, especially during orthostasis. In order to c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society maintain mean arterial pressure during the upright posture, increased peripheral vascular resistance is essential for haemodynamic homeostasis. It is proposed that in healthy humans, ∼55% of the increase in total peripheral resistance (TPR) during upright posture is regulated by central reflex mechanisms (Henriksen, 1977; Henriksen & Sejrsen, 1977 ; L. O. Henriksen & P. Sejrsen, 1976) , while the remaining 45% is elicited by local axonal reflex; a venoarteriolar response (VAR; (Henriksen, 1977; Henriksen & Sejrsen, 1977; L. Henriksen & P. Sejrsen, 1976) . The VAR is a nonsympathetic, non-adrenergic, but neurally mediated local mechanism (Crandall, Shibasaki, & Yen, 2002) , which contributes significantly to the maintenance of orthostatic tolerance in patients with spinal cord transection (Skagen, Jensen, Henriksen, & Knudsen, 1982; Theisen, Vanlandewijck, Sturbois, & Francaux, 2000) . In response to the local venous congestion, cutaneous, subcutaneous and muscle vascular resistance increase within that region, leading to an increase in vascular resistance and a decrease in blood flow (Andersen, Boesen, Henriksen, & Sonne, 1986; Crandall et al., 2002; Henriksen, 1991; Skagen & Bonde-Petersen, 1982) .
Vascular ageing is a fundamental cardiovascular risk factor (Lakatta & Levy, 2003; O'Rourke & Hashimoto, 2007) , and age-induced alterations are closely linked with various pathophysiological changes; however, the impact of ageing on the VAR is understudied. Moreover, cardiovascular control exhibits distinct sex specificity (Spoletini, Caprio, Vitale, & Rosano, 2013; Vitale, Mendelsohn, & Rosano, 2009 ), which might extend to the VAR, but there are no data available.
Collectively, considering the substantial contribution of the VAR to TPR during orthostasis, it is important to understand the impact of age and sex on this local axonal reflex.
Ambulatory BP monitoring (ABPM) is a powerful tool to evaluate the degree of diurnal BP variation throughout the day, such as the morning BP surge; a steep BP elevation occurring after the transition from sleep to wakefulness (Grossman, 2013; Hansen, Jeppesen, Rasmussen, Ibsen, & Torp-Pedersen, 2005; Millar-Craig, Bishop, & Raftery, 1978) . The morning BP surge has been proposed as a factor contributing to the increased risk of cardiac and cerebrovascular events observed during the early morning period. Even though previous studies have found that a central reflex response via the sympathetic nervous system is one of the major determinants of the morning BP surge (Kario et al., 2004; Panza, Epstein, & Quyyumi, 1991) , the underlying mechanisms are not fully elucidated. Morris et al. (2013) demonstrated that the morning BP elevation was attenuated during 24 h of strict supine rest, relative to the same subjects who were ambulatory during a 24 h period. This observation suggests that transitioning from the supine to the upright posture is associated with BP elevation, which might contribute to an enhanced morning BP surge. Although previous findings suggest that the VAR contributes to the regulation of BP and TPR in an upright posture, there is no information available regarding the association between the VAR and the morning BP surge. Therefore, the purpose of this cross-sectional study was to investigate the impact of advancing age and sex on the VAR. To accomplish this objective, we compared the VAR in the arms and legs in healthy young and older individuals without hypertension. First, we hypothesized that older adults would have an augmented VAR and that there would be a sex difference in the VAR. Second, we hypothesized that the VAR would be associated with the morning BP surge in healthy young and older men and women.
METHODS

Ethical approval
This study conformed to the standards set by the latest revision of the The venoarteriolar response (VAR) contributes substantially to the maintenance of orthostatic tolerance in humans. Despite its importance in haemodynamic homeostasis, the impact of ageing on the VAR remains understudied.
• What is the main finding and its importance?
Older adults exhibit an augmented VAR in response to leg dependency. The age-related augmentation of the VAR might be linked with progressive increases of peripheral vascular resistance with ageing. We found a modest but significant correlation between the leg VAR and the morning blood pressure surge in older adults. Augmented leg VAR might contribute to the blood pressure elevation in the early morning.
the purpose and risks associated with the study and gave written informed consent.
Subjects
Thirty-three healthy young subjects (18 men and 15 women) and 26 healthy older subjects (14 men and 12 women) without hypertension participated in this study. They were free of overt cardiovascular and other major clinical disease (e.g. diabetes, liver and renal disease) as assessed by medical history, physical examination and 12-lead ECG.
Ambulatory BP monitoring was performed to screen subjects, and those with 24 h ambulatory BP ≥125/75 mmHg were excluded based on the new 2017 hypertension guidelines (Whelton et al., 2017) .
Premenopausal women were evaluated in the mid-luteal phase of the menstrual cycle (19-22 days after the onset of menstruation, when both oestrogen and progesterone are high) or during the high-hormone phase of oral contraceptive use to control for any potential influence of sex hormone fluctuation on the outcomes. Postmenopausal women had not been on hormone replacement therapy for at least the last 5 years and had not had a menstrual cycle for 18 years on average.
Measurements
Haemodynamics
Heart rate (HR) was determined from the ECG (lead II), and beat-by- 
Twenty-four-hour APBM
The ABPM device (Oscar 2; SunTech Medical Instruments, Morrisville, NC, USA) automatically measured BP and HR using the oscillometric method every 30 min during the awake period and every 30-60 min during the sleep period throughout the 24 h cycle.
Doppler ultrasound
Femoral and brachial artery images and blood velocity were obtained using Doppler ultrasound (LogicQ; GE Medical Systems, Milwaukee, WI, USA). Common femoral and brachial artery diameters were measured using a commercially available edge-detection and walltracking software package (Brachial Analyzer; Medical Imaging
Applications, LLC, Coralville, IA, USA). The Doppler ultrasound audio output was interfaced with a computer running custom software to capture blood velocity (Buck, Sieck, & Halliwill, 2014; Romero et al., 2017) . Data analysis was performed by the same investigator, who was blinded to subject identity and group. Ultrasound imaging of the femoral artery was collected using a linear array transducer at a site ∼2 cm proximal to the femoral artery bifurcation. The brachial artery image was collected approximately midway between the antecubital fossa and shoulder, at the 40% point of the distance between the sternal notch and the tip of digitus medius.
Study protocol
During the first visit, subjects were screened with a medical history, physical examination and 12-lead ECG. All experiments were conducted in the morning ≥2 h after a light breakfast and >24 h after the last caffeinated or alcoholic beverage, in a quiet, temperaturecontrolled (∼25 • C) laboratory. At least 20 min after supine resting with the instrumentation, the assessments were performed. The order of assessment (arm or leg) was randomly assigned, and measurements were performed on the right side. We conducted a sub-study to test the impact of limb dominance on the outcome measures, and there was no difference in any variable between the dominant versus non-dominant limb. Baseline Doppler ultrasound assessment of brachial and common femoral artery diameter and blood velocity was performed while the limb was in the horizontal position. Then limbs were lowered (arm, 33 ± 4 cm and leg, 36 ± 5 cm) below the heart level.
After a 60 s stabilization period, the aforementioned measurements were repeated. Data were collected during the dependent position for 4 min. The protocol was performed along with continuous monitoring of HR, BP and respiratory excursion (nasal cannula). The lowered limb was returned to the horizontal position after assessments.
Data analysis
Haemodynamic data were sampled at 500 Hz via a commercial dataacquisition system (Biopac Systems, Santa Barbara, CA, USA). Data from the last 60 s of the 4 min baseline period were averaged and compared with limb dependency conditions. The limb dependency data were obtained starting 1 min after limb lowering and were collected continuously until the termination of arm or leg lowering. Femoral and brachial artery diameter and mean blood velocities were averaged in 10 s bins and used for subsequent determination of blood flow and vascular conductance. Femoral and brachial artery blood flows were calculated as follows: Blood flow (ml min −1 ) = blood velocity × (artery diameter/2) 2 × 60; and vascular conductance (ml min −1 mmHg −1 ) = blood flow/mean arterial blood pressure. The percentage reduction in vascular conductance during limb dependency was used to assess the VAR (Brothers, Wingo, Hubing, Del Coso, & Crandall, 2009; Okazaki et al., 2005) .
The typical error of the VAR assessment (relative decrease in vascular conductance from baseline) with leg dependency was 5.0% in our laboratory.
Morning blood pressure surge
We defined the morning surge in BP as the morning systolic BP (SBP)
averaged for 2 h after waking up minus the lowest nocturnal SBP by using 24 h ABPM (sleep-through morning surge) (Kario et al., 2003; Okada et al., 2013 ).
Statistical analysis
Values are expressed as means ± SD. Statistical analysis was conducted using SPSS Statistics (version 23; SPSS, Chicago, IL, USA), and statistical significance was set at P < 0.05. To examine the impact of age on subject characteristics and baseline haemodynamics, Student's unpaired t tests were used. To evaluate the interaction between two factors among subjects (age and sex), and the time response to the limb dependency, a mixed ANOVA with repeated measures model was used. Subsequent post hoc multiple comparisons adjusted using the Bonferroni correction were performed. To examine relationships of the VAR and the morning BP surge, Pearson product-moment correlation coefficients were used.
RESULTS
Subject characteristics
Subject characteristics are presented in Table 1 . Height, weight, body mass index, body surface area and resting HR were similar in young and older adults. Ambulatory SBP was higher in older adults, whereas diastolic BP and the morning BP surge were not different between the groups. Table 2 
Impact of age on limb dependency and venoarteriolar responses
During limb dependency, HR and mean arterial pressure remained unchanged compared with the baseline (P ≥ 0.4). Leg (femoral) VAR was significantly different between groups (age × time interaction: (Table 2) .
TA B L E 1 Subject characteristics
Impact of sex on limb dependency and venoarteriolar responses
Sex did not impact the VAR in young and older adults (Table 3) .
Relationship between the venoarteriolar response and morning blood pressure surge
A greater leg VAR was related to a greater morning BP surge in older adults (r = −0.4, P = 0.02) but not in young adults (r = −0.26, P = 0.1; Figure 2a ). Arm VAR showed no relationship to the morning BP surge (r = 0.2, P = 0.8 and r = −0.1, P = 0.9, older versus young; Figure 2b ). 
DISCUSSION
In the present study, we found that advancing age was associated with an augmented VAR, local axonal reflex vasoconstriction, in a limbspecific manner. The VAR was greater in healthy older adults without hypertension compared with young counterparts exclusively during the leg dependency. However, sex did not affect the VAR in response to the limb dependency. In addition, we found that a greater leg VAR was associated with a greater morning BP surge in older adults. This is the first study, to our knowledge, to have examined the association between this non-adrenergic, non-baroreflex, but neurally mediated local mechanism and its contribution to the diurnal BP variation.
These findings highlight the previously unappreciated perspective 
Mechanisms for the venoarteriolar response
Limb dependency, an experimental method simulating local orthostatic stress, expands the blood volume within veins and elicits local vein distension, leading to an increase in venous pressure. When pressure within the local vein is greater than ∼25 mmHg, cutaneous, subcutaneous and skeletal muscle vascular resistances of the effector limb increase, which reduce blood flow by ∼40% (Crandall et al., 2002; Henriksen, 1991; Henriksen, Nielsen, Paaske, & Sejrsen, 1973) .
The precapillary resistance in the skin and muscle of the effector limb increases during dependency, and it was hypothesized that stretch receptors located in small veins are activated in response to the blood volume expansion. The increase in precapillary resistance restricts arterial inflow and prevents an excessive rise in capillary pressure, subsequently, it elevates arteriolar vascular tone in the effector limb (Henriksen, 1977) . Previous studies demonstrated that limb dependency-induced vasoconstriction arose from local, possibly axonal, non-adrenergic mechanisms as a result of venous distension or as a result of changes in transmural pressure (myogenic response),
but not central reflex-driven responses. It has been shown that -adrenoreceptor blockade and blocking neural transmission did not affect the VAR in the limbs; however, local anaesthesia with lidocaine blocked this axonal reflex while maintaining the -adrenergically mediated vasoconstriction (Crandall et al., 2002; Okazaki et al., 2005) .
During the course of baseline and limb dependency measurements, there were no significant changes in mean arterial pressure and HR, indicating no (de)activation of the baroreflex. Therefore, it must be assumed that the increase in local vascular resistance, observed during limb dependency, mainly reflected a local axonal reflex and that engagement of central -adrenergic vasoconstriction is minimal.
Limb-specific changes in the venoarteriolar response with ageing
Our findings revealed that the impact of age on the VAR is limb specific, and this is consistent with other studies reporting that unfavourable alterations in the cardiovascular system over the lifespan are not always parallel between the upper and lower limbs (Donato et al., 2006; Osika et al., 2007) . It has been documented that age-related adaptations preferentially occur in the lower limb, and this is possibly explained by the persistent demands imposed by the greater hydrostatic and transmural forces during the upright posture in daily activities (Eiken & Kolegard, 2004; Malhotra, Cohen, Syms, & Townsend, 2002) . Structural and functional changes in response to the prolonged orthostatic demands over time result in diminished vascular conductance and blood flow in older adults (Dinenno, Jones, Seals, & Tanaka, 1999; Silber et al., 2007; Tao et al., 2004) . In accordance with previous reports, our findings indicate that agerelated adaptations in non-adrenergic, non-baroreflex, but neurally mediated local mechanisms potentially play a role in the greater vasoconstriction during orthostatic stress. However, further studies are warranted to elucidate the particular interplay among changes in vascular structure and reactivity related to the change in the VAR with ageing. 
Lack of sex differences in the venoarteriolar response
Relationship between the morning blood pressure surge and the venoarteriolar response
The morning BP surge has been proposed to increase with advancing age (Kario & White, 2008) , which might be attributable to an agerelated increase in the prevalence of hypertension. Indeed, we found no difference between healthy young and older adults, in that the morning BP surge was not different between healthy young and older adults without hypertension. The morning BP surge is thought to be associated with exaggerated sympathetic activity in the morning (Kario et al., 2004; Pickering, Levenstein, & Walmsley, 1994) . However, our group previously found no association between the morning BP surge and sympathetic outflow in normotensive and hypertensive older adults (Okada et al., 2013) . Alternatively, we found that a reduction of cardiovagal baroreflex sensitivity tended to be a factor related to the morning BP surge in normotensive older adults (Okada et al., 2013) , and other studies support our findings (Eguchi et al., 2007; Taylor et al., 2011; Tochikubo, Kawano, Miyajima, Toshihiro, & Ishii, 1997) . However, a pronounced reduction of cardiovagal baroreflex sensitivity does not fully explain the mechanisms of poor BP control in the morning.
In the present study, we found that the age-related augmented VAR in the lower limb was associated with the morning BP surge. This indicates that the VAR might contribute to the underlying mechanisms of the morning surge in BP related to the transition from the supine to the upright posture. Indeed, it has been reported that the daily change in posture is one of the major contributors to 24 h BP, which is based on the knowledge that BP is affected by transitions between postures (Gellman et al., 1990; Wolthuis, Froelicher, Fischer, & Triebwasser, 1977) . Morris et al. (2013) found that the morning BP increase was attenuated during bed rest, suggesting that the adoption of an upright posture upon awaking contributes to the morning surge in BP. However, the circadian oscillation of BP is a complex interplay among central, humoral, behavioural and neural influences, and our understanding is limited. The rapid increase in BP in the morning has been found to be an independent predictor for cardiovascular events and, therefore, future studies are warranted to gain a better understanding of the pathophysiological mechanisms underlying the morning BP surge.
Limitations
There are at least four experimental limitations in the present study.
First, we found previously that ∼45% of the limb dependencyinduced cutaneous vasoconstriction was attributed to the VAR and the remaining ∼55% to the myogenic response (Okazaki et al., 2005) . In the present study, we did not evaluate these separate mechanisms during limb dependency. However, it remains unknown whether those relative contributions are comparable in the subcutaneous and muscular vasculatures and how advancing age affects those proportional contributions. Second, one of our main findings, the relationship between leg dependency-induced VAR and the morning surge in BP, was based on the correlation between two variables, with a relatively small sample size. Therefore, we cannot conclude causality between those concomitant occurrences. We acknowledge that our findings need to be validated in a larger study cohort. Third, our study included only healthy individuals, not diseased populations. The VAR is impaired in patients with diabetes mellitus or diabetic and alcoholic neuropathy and in those with peripheral arterial disease (Belcaro, Vasdekis, Rulo, & Nicolaides, 1989; Cisek et al., 1997; Wahlberg, Jörneskog, Olofsson, Swedenborg, & Fagrell, 1990) . Thus, our findings cannot be representative for diseased populations. Fourth, although we excluded subjects with diagnosed sleep apnoea, we did not perform polysomnography. Thus, subjects with unrecognized sleep apnoea might have been included. However, it has been suggested that the morning surge in BP is not significantly affected by the presence of sleep apnoea in order adults (Cho et al., 2015) .
Conclusions
We found, for the first time, that advancing age is associated with an augmented VAR in the leg, but not in the arm. This finding is consistent with previous findings reporting the age-related functional and structural alterations exclusively in the leg vasculature. In addition,
we found a modest but significant association between the leg VAR and the morning BP surge in healthy older adults without hypertension.
This observation provides initial experimental support for the idea that the augmented VAR might contribute to the morning BP surge in older adults, and it establishes a foundation to develop new treatment options for effective morning BP control to target this system.
Perspectives
Blood pressure increases with age, and elevated BP is a major risk factor for cardiovascular events in people aged >65 years. However, there is considerable uncertainty about the underlying mechanisms of age-related BP elevation. In the present study, older adults exhibited an augmented VAR in response to leg dependency, the experimentally induced local orthostatic stress. We speculate that the age-related augmented VAR response might be linked, at least in part, with progressive increases of peripheral vascular resistance with ageing and, eventually, contribute to BP elevation. Furthermore, we found a weak, albeit significant, correlation between the VAR in the leg and the morning BP surge in older adults. It is suggested that the augmented leg VAR might be one of the contributing factors for BP elevation during the early morning. Certainly, large-scale studies are warranted to confirm our findings in the future. The augmented leg VAR in older adults might have important implications for the poor control of BP in the morning and could be linked to an increased cardiovascular disease risk in this population.
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